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We report the realization of a bright ultrafast two-mode squeezer based on type II parametric
downconversion (PDC) in periodically poled KTiOPO4 (PP-KTP) waveguides. It produces a pulsed
two-mode squeezed vacuum state: a photon-number entangled pair of truly single-mode pulses or, in
terms of continuous variables quantum optics, a pulsed, single mode Einstein-Podolsky-Rosen (EPR)
state in the telecom regime. We prove the single mode character of our source by measuring its g(2)
correlation function and demonstrate a mean photon number of up to 2.5 per pulse, equivalent to
11dB of two-mode squeezing.
The main obstacle to the real-world deployment of wide
area quantum communication networks is the limited
distance of guaranteed security between communication
partners. In order overcome it, quantum repeaters[1] are
needed to counter the security-degrading effects of trans-
mission losses. For continuous variable (CV) quantum
communication, these protocols heavily rely on the con-
catenation of non-Gaussian states and squeezed Gaus-
sian states[2, 3], namely EPR states produced by para-
metric downconversion (PDC) combined with photon
counting[4]. In general though, PDC does not produce
single mode but multimode EPR states, requiring addi-
tional post-processing for optimal fidelity. Their multi-
mode structure is intrinsic to their generation process[5],
and only direct manipulation of that process allows for
the production of single mode states.
For the generation of photon pairs, PDC sources have
become an established standard: Inside a χ(2) -nonlinear
medium, a pump photon decays into one signal and
one idler photon. Recent works have shown that PDC
source engineering[6, 7] is capable of producing spec-
trally separable two-photon states |1〉s ⊗ |1〉i, allowing
for the preparation pure heralded single photons[8]. Go-
ing beyond the single photon pair approximation, PDC
in general can be understood as a source of squeezed
states of light[9, 10]. First observed by Slusher et
al.[11] in 1985, squeezed states originally garnered in-
terest for the noise reduction in their quadrature observ-
ables Xˆ, Yˆ below the classical shot noise level, applica-
ble in quantum-enhanced interferometry[12]. With the
availability of mode locked lasers, multimode[13] pulsed
squeezed states[14] became accessible. Measuring with
detectors incapable of resolving this multimode struc-
ture, such as avalanche photo diodes (APD) implement-
ing non-Gaussian operations[15], introduces mixedness
which degrades the quantum features of the state[16].
Until now, PDC experiments rely on spatial[8] or nar-
row spectral[17] filtering of multimode[10, 13] squeezers
to approximate single mode bi-photonic states, with se-
vere loss of source brightness. In recent years, waveguide
PDC sources[18–21] have become more and more popular
as a means of achieving higher brightness in a single-pass
configuration, as well as for their easy integrability into
miniaturized quantum optical experiments.
In this Letter, we demonstrate a source of ultrafast
single mode EPR states of unprecedenced brightness in
the telecom wavelength regime. For low pump powers
(〈n〉  1), it doubles as a source of pure heralded sin-
gle photons[8]. Utilizing a type II PDC process inside
a single-mode PP-KTP waveguide as well as spectral
engineering[6–8, 22], we are able to avoid narrow spec-
tral or spatial filtering entirely, boosting source bright-
ness considerably. The ultrafast, broadband nature of the
pump beam prompts us to model the system in terms of
broadband frequency modes[23]. Our source emits pairs
of spectrally broadband single mode pulses. This we cor-
roborated by a measurement of spectral separability, a
g(2) measurement of one of the output arms to ensure
the expected photon statistics, and a sinh2 gain in mean
photon number. The maxiumum mean photon number
per pump pulse measured was 2.5, corresponding to 11dB
of two-mode squeezing.
It has been shown early on in the experimental explo-
ration of squeezing that PDC produces squeezed vacuum
states of light[9]. In photon number representation, a
two-mode squeezed vacuum state or single mode EPR
state has the form
|ψ〉 = Sˆa,b |0〉 = eıHˆa,b |0〉 =
√
1− |λ|2
∑
n
λn |n, n〉 (1)
where a and b are two orthogonal modes, Sˆa,b is the
two-mode squeezing operator, and Hˆa,b = ζaˆ†bˆ†+ h. c. is
its effective Hamiltonian. It is a coherent superposition
of strictly photon number correlated Fock states, and ex-
hibits thermal photon statistics in both modes a and b.
The photon number correlation between both modes al-
lows for heralding pure single photons with binary detec-
tors. However, the underlying bilinear effective Hamilto-
nian Hˆa,b describes only a special case of PDC.
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2FIG. 1. Experimental setup: (a) PP-KTP waveguide source
of two-mode squeezed vacuum states. (b) Fiber spectrome-
ter to measure the photon pair joint spectral intensity. (c)
g(2) measurement setup. (d) Setup to measure mean photon
number 〈n〉.
In general, the effective PDC Hamiltonian has a richer
spatio-spectral structure, but using a single mode waveg-
uide allows us to restrict our analysis to one spatial mode,
and we find
HˆPDC = ζ
∫
dω1
∫
dω2f (ω1, ω2) aˆ
†(ω1)bˆ†(ω2) + h. c. (2)
which generates a generalized version of the two-mode
squeezed vacuum in Eq. 1 with spectrally correlated
output beams. The coupling constant ζ determines the
strength of this interaction, while spectral correlations
between photons of the pairs produced are governed by
the normalized joint spectral amplitude f (ω1, ω2).
By applying a Schmidt decomposition to the joint
amplitude[23] f (ω1, ω2) =
∑
k ckϕk (ω1)ψk (ω2), we ob-
tain two orthonormal basis sets ϕk (ω1) and ψk (ω2) and
a set of weighting coefficients ck with
∑
k |ck|2 = 1. Now
the PDC Hamiltonian can be expressed in terms of broad-
band modes
HˆPDC =
∑
k
Hˆk = ζ
∑
k
ck
(
Aˆ†kBˆ
†
k + AˆkBˆk
)
. (3)
Each broadband mode operator Aˆk, Bˆk describes a tem-
poral pulse mode, or equivalently a ultrafast spectral
mode. It is defined as superposition of monochro-
matic creation/annihilation operators aˆ (ω) , bˆ (ω) oper-
ators weighted with a function from the Schmidt basis:
Aˆ†k :=
∫
dωϕk (ω) aˆ
† (ω) and Bˆ†k :=
∫
dωψk (ω) bˆ
† (ω).
The effective Hamiltonians Hˆk do not interact with each
other (since
[
Hˆk, Hˆl
]
= 0), and thus the PDC squeez-
ing operator represents in fact an ensemble of indepen-
dent two-mode squeezing operators Sˆa,b = eıHˆPDC =
SˆA0,B0 ⊗ SˆA1,B1 ⊗ ... where the coefficients ck determine
the relative strength of all squeezers as well as spectral
correlation between signal and idler beams. This cor-
relation is characterized by the source’s effective mode
number K = 1∑
k|ck|4
. For c0 = 1 and all other ck = 0,
K assumes its minimum value of 1, and the PDC process
can be described as a two-mode squeezer according to
Eq. 1.
In our waveguided source pumped by an ultrafast
pulsed laser beam we can manipulate spectral correla-
tions of the photon pair joint spectra, thus the coefficients
ck, and as a result minimize K by simply adjusting the
spectral width of the pump pulses [6, 7].
We verified this by measuring the joint spectral in-
tensity of generated photon pairs at different spectral
pump widths. The setup in Fig. 1 (a) illustrates the
PDC source: Ultrafast pump pulses at 768 nm are pre-
pared with a TiSa mode locked laser system, spectrally
filtered with a variable bandpass filter 4f setup, and then
used to pump a type II PDC process within the PP-KTP
waveguide with a poling period of 104µm. Its length is
10mm but an effective length of 8mm is used to correctly
predict the measurement results in Figs. 2 and 3, since
manufacturing imperfections in poling period and waveg-
uide diameter lead to a widened phasematching distribu-
tion Φ (ω1, ω2) as if from a shorter waveguide. Central
wavelengths of signal and idler beam were 1544 nm and
1528nm, respectively. The generated photon pairs are
analyzed in a fiber spectrometer[24] (Fig. 1(b)): After
separating signal and idler photons by polarization, they
independently travel through long dispersive fibers, and
are detected by a pair of idQuantique id201 avalanche
photo diodes (APDs). Due to the chromatic dispersion
of the fibers, the photons’ group velocity and arrival time
at the APDs depend on their wavelength. Thus we are
able to determine the spectral intensity distribution of
a stream of single photons from its arrival time spread.
For a spectral pump FWHM of 0.70 nm, 1.95 nm and
4.0 nm, we observe in Fig 2 negative spectral correlations,
an uncorrelated spectrum, and positive spectral correla-
tions between signal and idler photons, respectively. We
have demonstrated control over spectral entanglement
between signal and idler by filtering the pump spectrum,
and found minimal spectral correlations of photon pairs
around 1.95 nm pump FWHM.
To prove the genuine two-mode squeezer character of
our source, an uncorrelated joint spectral intensity is nec-
essary but not sufficient. It is proportional to the mod-
ulus square of the complex joint amplitude |f (ω1, ω2)|2
of the photon pair, so all phase information is lost in an
intensity measurement. In order to detect phase entan-
glement between signal and idler, we need to measure an
additional quantity sensitive to the source’s mode num-
berK, which is unity only in the absence of entanglement
on the photon pair level, and larger otherwise.
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FIG. 2. Two-photon spectral intensities from setup 1(b) with pump width above, equal to and below photon pair separability
width at 1.95nm FWHM. Green: 50% intensity, violet: phasematching width, blue: pump width, bright blue: theo. 50%
intensity
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FIG. 3. Left: g(2) values from setup 1(c) (red) with theory
curve (blue) and background corrected theory curve (vio let);
(a), (b) and (c) designate pump FWHM of the respective joint
spectral intensities from Fig. 2. Right: Mean photon number
from setup 1(d) (red) with the theo. gain of a two-mode
squeezer (blue) and the linear gain of a highly multimode
squeezer (violet); inset: corresponding two-mode squeezing
values.
The second order correlation function g(2) can be used
to discriminate between beams with thermal (g(2) = 2)
and Poissonian photon statistics (g(2) = 1) from a PDC
source[17]. As has been noted above, type II PDC can
in general be understood as an ensemble of two-mode
squeezers, each of them emitting two beams with ther-
mal photon statistics. In our waveguided type II setup,
all broadband modes, Ak or Bk, share one polarization
mode, a and b or respectively. A detector with a spec-
tral response function much wider than the characteristic
width of the broadband modes cannot resolve them. It
“sees” a convolution of the thermal photon statistics of all
broadband modes, and in the limit of a large number of
modes, this is a Poissonian distribution[25]. But if there
is only one mode per polarization to begin with (which
is only true for a two-mode squeezer), the detector re-
ceives a thermal distribution of photon numbers. There-
fore, with the assumption that PDC emits a pure state,
we can infer from g(2) = 2 measured in either output
beam a two-mode squeezer source. Indeed, for low pump
power and thus low coupling strength ζ, we can find a
simple connection between the g(2) correlation function
on the one hand, and the broadband mode structure of
our source and the effecive mode number K on the other:
g(2) = 1 +
∑ |ck|4 = 1 + 1K .
Fig. 1 (c) illustrates the g(2) measurement: Idler is
discarded, and the signal beam is split by a 50/50 beam-
splitter. Its output modes are fed into APDs, single
(p1, p2) and coincidence (pc) click probabilities for differ-
ent spectral pump widths are recorded. When using bi-
nary detectors far from saturation, rather than intensity
measurements, one finds g(2) = 〈aˆ
†aˆ†aˆaˆ〉
〈aˆ†aˆ〉2 ≈
pc
p1p2
As has
been demonstrated, frequency correlations between sig-
nal and idler beam and thus squeezer mode number can
be controlled by manipulation of the spectral width of the
PDC pump beam. In Fig. 3 (left) measurement results
show a maximum g(2) value at 1.95 nm pump FWHM,
in accordance with Fig. 2. When departing from the
optimum pump width, g(2) decreases as predicted. Due
to residual background events from waveguide material
fluorescence and detector dark counts, we obtain a maxi-
mum of g(2) = 1.8, and g(2) = 1.95 after background cor-
rection. This highlights the next-to-perfect single mode
EPR states our source emits, and the degree of control
we exact over the mode number and photon statistics of
the system. Note that the two-mode character is shown
with respect to frequency as well as spatial degrees of
freedom. Owing to the waveguide nature of our source,
signal and idler beam occupy a single waveguide mode.
Nonlinear waveguides allow for dramatically higher
source brightness when compared to bulk sources[26]: In-
4stead of coupling to a continuum of spatial modes, inside
a waveguide structure the generated waves couple to a
discrete spectrum, and ideally to just one mode, boosting
self-seeding of the PDC process and greatly simplifying
collection of the output light. At mean photon numbers
of 〈n〉 ≈ 1 per mode we will be able to observe the su-
perlinear gain of a two-mode squeezer sinh2 (r) caused
by self-seeding of signal and idler along the waveguide
length, further corroborating our source’s single mode
character. With a pump FWHM of 1.95 nm producing
separable photon pairs, we measured the mean photon
number 〈n〉 ≈ pclickη of the signal beam (Fig. 1 (d))
by recording the power dependent APD click probabil-
ity pclick. For binary detectors far from saturation, this
is proportional to 〈n〉, with an overall quantum efficiency
η of the setup. The source gain in Fig. 3 (right) exhibits
with increasing pump power the departure from the lin-
ear gain profile that would be expected for a highly mul-
timode squeezer, while it is in very good agreement with
the theoretical prediction for a two-mode squeezer gain.
Mean photon numbers of up to 2.5 or equivalently 11 dB
of two-mode squeezing were achieved. For an optimized
setup we observed an overall detection efficiency of 15%,
and for a specified APD quantum efficiency of 25% at
1550 nm, this makes a photon collection efficiency into
single mode fiber of 60%. Note that our waveguide out-
put facet was not anti-reflection coated.
In conclusion, we have applied spectral engineering to
a waveguided PDC source to create a bright, genuinely
ultrafast pulsed two-mode squeezer in the telecom wave-
length regime with mean photon number per pulse as
high as 2.5, or 11 dB of two-mode squeezing. It features
near thermal photon statistics boasting a g(2) value of
1.95 after background correction, or an effective mode
number of K = 1.05. A collection efficiency of 60% into
single mode fibers demonstrates the high spatial mode
quality of our waveguide device and shows its potential
for inclusion into integrated optical networks. Due to
its true two-mode character and brightness, we expect
widespread adoption of our source in continuous variable
quantum communication, where high squeezing values,
purity and low-loss fiber transmission are prerequisite for
efficient quantum cryptography[27], teleportation[28, 29],
and ultimately entanglement distillation[4, 15] to over-
come transmission losses in wide area quantum com-
munication networks, a vital building block of quantum
repeaters[1].
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